Previous microarray studies have suggested that an indirect mechanism of Fur regulation may be present in meningococcus at the posttranscriptional level through a small regulatory RNA (sRNA) system analogous to that of Escherichia coli and Pseudomonas aeruginosa. Recently, a Fur-regulated sRNA, NrrF, was identified that is involved in the iron regulation of the sdhA and sdhC succinate dehydrogenase genes. Here we report a detailed transcriptional analysis of the nrrF gene and show that NrrF is a Hfq-dependent sRNA. The Hfq protein mediates nrrF downregulation and Fur-dependent upregulation of the sdhCDAB operon, the major in vivo NrrF-regulated operon. NrrF forms a duplex in vitro with a region of complementarity overlapping the sdhDA mRNA junction. Furthermore, Hfq binds to NrrF in vitro and considerably enhances the efficiency of the interaction of the sRNA with the identified target. Our data suggest that Hfq-meditated binding of NrrF to the in vivo target in the sdhCDAB mRNA may cause the rapid degradation of the transcript, resulting in Fur-dependent positive regulation of succinate dehydrogenase. In addition, while the upregulation of sodB and fumB by Fur is dependent on the Hfq protein, it is unaffected in the nrrF knockout, which suggests that there is more than one sRNA regulator involved in iron homeostasis in meningococcus.
In the last decade there has been an increasing amount of interest in small noncoding RNAs (sRNAs) in bacteria, which regulate a wide number of cellular processes. Apart from a small number of these sRNAs, which interact with and regulate protein function, the majority to date are involved in regulating gene expression at the posttranscriptional level through antisense base-pairing with target mRNAs. In contrast to cis-transcribed antisense RNAs which have perfect complementarity over their length with their target mRNA (41) , trans-encoded regulatory sRNAs can bind to multiple target mRNAs through short imperfect tracts of complementarity (10) . This base-pairing usually results in a downregulation of expression of the target mRNA due to an inhibition of translation or a reduction in the stability of the mRNA or both. However, some sRNAs may stimulate mRNA translation and/or increase mRNA stability (9, 32) . The synthesis of these sRNAs is controlled in turn by the action of regulated promoters, which are often induced under stress conditions, thereby modulating the expression of whole sets of riboregulated target genes in response to environmental signals.
Base-pairing between most sRNAs and their mRNA targets requires the Hfq protein, a member of the Sm protein family that is involved in RNA processing events in eukaryotes (for a review, see reference 39). Hfq is proposed to function as an RNA chaperone, promoting RNA unfolding and folding, thereby facilitating sRNA-mRNA interactions and, recently, its chaperone activity has been demonstrated (1) . These sRNAs, whose function is modulated by Hfq, generally tend to have a reduced stability in a hfq knockout mutant, and their regulatory roles are typically impaired. Since Hfq is a key modulator of many sRNA circuits, it is not surprising that knockout mutants often have pleiotropic phenotypes. Recently, a number of Hfq-dependent sRNA circuits have been shown to play a role in virulence and the Hfq mutant of many pathogenic bacteria, including Vibrio cholerae, Legionella spp., Salmonella spp., Staphylococcus aureus, and Pseudomonas aeruginosa, is attenuated in animal models (7, 20, 25, 28, 29) .
Most of our present knowledge of sRNAs has arisen from recent global search studies involving screening the genome of certain organisms for novel sRNA genes through bioinformatic and comparative analyses and also experimental approaches (for a review, see reference 40) . These global searches lead to the identification of over 60 new noncoding sRNAs in Escherichia coli, although the functional role of the majority of these is unknown. Those that have been characterized in detail regulate varied cellular functions, including iron homeostasis, quorum sensing, virulence, metabolism, and adaptation to stresses such as envelope stress, oxidative stress, stationary phase, and others.
Iron homeostasis is regulated in many bacteria by the regulatory protein Fur (ferric uptake regulator), which senses internal iron concentration and binds to and represses iron uptake genes using ferrous iron as a corepressor (8) . Fur has been also reported to act positively rather than negatively in the expression of certain genes, and the mechanism of positive regulation by Fur for a number of genes in E. coli and P. aeruginosa has been shown to be at the posttranscriptional level through the repression of regulatory small RNAs (18, 43) . The discovery of a Fur-repressed antisense RNA, RyhB, that downregulates several mRNAs encoding Fe-binding proteins, provided an explanation for how the Fur repressor could positively regulate this set of genes in E. coli (18) . In P. aeruginosa two tandem, almost identical sRNA genes, prrF1 and prrF2, were shown to be functional homologues of RhyB, although they have no sequence conservation with the ryhB gene (43) . In Vibrio, a RyhB homologue which contains some sequence similarity has been studied in detail (3) . As such, the phenomenon of sRNAs that specifically downregulate mRNAs encoding iron-using proteins in response to iron depletion may be widespread in bacteria and has been hypothesized as an iron-saving strategy which ensures that limited iron resources are allocated to crucial cellular functions during iron starvation (17) . The Fur protein in Neisseria meningitidis has been implicated in direct activation and, at the norB promoter, it was shown to bind to upstream sequences, resulting in the activation of RNA transcription in vivo and in vitro (6, 11, 12) . Microarray experiments with the Fur-null mutant indicated that Fur positively regulates 43 genes in N. meningitidis (4) , and a subset of these showed no evidence for direct binding of Fur in their promoter regions. As such, it was hypothesized that a similar indirect mechanism via a small regulatory RNA may be present in meningococcus. We set about the identification of the sRNA(s) involved and through a genomic search for Fur-regulated promoters in intergenic regions identified one Fur-regulated sRNA. During the course of our study, the same Furregulated small RNA was identified by Mellin et al. (21) , which they termed NrrF and showed to be responsible for the downregulation of sdhA and sdhC genes.
In the present study, we perform a detailed analysis of the NrrF sRNA and its role in Fur-mediated positive regulation of the sdhCDAB genes. We show that Hfq binds NrrF and mediates Fur-dependent NrrF regulation of succinate dehydrogenase. NrrF forms a duplex with a region of complementarity within the sdhDA region of the succinate dehydrogenase transcript, and Hfq enhances the binding of this sRNA to the identified target in the sdhCDAB mRNA; this is likely to result in rapid turnover of the transcript in vivo.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The N. meningitidis strains used in the present study are all derivatives of the MC58 wild-type strain (35) and were routinely cultured in GC-based (Difco) agar medium supplemented with Kellogg's supplement I (15) at 37°C in a 5% CO 2 to 95% air atmosphere at 95% humidity. Strains were stocked in 10% skimmed milk and stored at Ϫ80°C. Each bacterial manipulation was started from an overnight culture of a frozen stock. For liquid cultures, N. meningitidis strains were grown overnight on solid medium, resuspended in phosphate-buffered saline (PBS) to an optical density at 600 nm of 1, and inoculated with a 1:100 dilution into GC broth supplemented with Kellogg's supplement I and 12.5 M Fe(NO 3 ) 3 and, when required, erythromycin, chloramphenicol, and kanamycin were added to final concentrations of 5, 5, and 100 g/ml, respectively. E. coli cultures were cultured in Luria-Bertani medium and, when required, ampicillin was added to a final concentration of 100 g/ml.
Construction of plasmids and knockouts. DNA manipulations were carried out routinely as described for standard laboratory methods (27) . In order to knock out the hfq and nrrF genes in the MC58 or MC-Fko mutant background, two plasmids, p⌬hfqko:Cm and psRN2ko:Erm, respectively, were constructed. Upstream and downstream flanking regions of the genes were amplified by PCR with the corresponding primers: Hfq-1/Hfq-2 and Hfq-3/Hfq-4 for the hfq locus and UsR-F/UsR-R and DsR-F/DsR-R for the sRNA locus. Then, in a second round of PCR, the respective upstream and downstream fragments, which contain regions of overlap due to the design of the primers, were used in a selfpriming PCR amplification for five cycles, and then the corresponding united fragment was amplified by using the external primers Hfq-1/Hfq-4 and UsR-F/ DsR-R, respectively. These products, corresponding to upstream and downstream flanking regions for each gene separated by a BamHI site, were cloned into the pGEM-T vector and a chloramphenicol cassette from pDT2548 (42) or an erythromycin cassette (37) was inserted into the BamHI site, generating p⌬hfqko:Cm and psRN2ko:Erm, respectively. These plasmids were then linearized and used for transformation of the MC58 and MC-Fko strains to make, respectively, an Hfq knockout mutant, ⌬hfq, and a Fur and Hfq double mutant, Fko-⌬hfq, and an NrrF knockout mutant, MC-sRN2, and a Fur and NrrF double mutant, Fko-sRN2. The correct double homologous recombination event resulting on the knockout of the gene was verified by PCR.
Western blot analysis. Colonies from freshly grown overnight plate cultures were resuspended in PBS until an optical density at 600 nm of 1.0 was reached. A 1-ml portion was then pelleted in a benchtop centrifuge and resuspended in 100 l of sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis loading buffer, and 10 l of each total protein sample was separated on a 15% SDS-polyacrylamide gel and transferred onto nitrocellulose filter by standard methods (27) . The filters were blocked for an hour at room temperature by agitation in blocking solution (3% skimmed milk and 0.1% Triton X-100 in PBS), followed by incubation for a further hour with a 1:1,000 dilution of the required antibody serum in blocking solution. After a washing step, the filters were incubated in a 1:2,000 dilution of peroxidase-conjugated anti-mouse immunoglobulin (Dako) in blocking solution for an hour, and the resulting signal was detected by using the SuperSignal West Pico chemiluminescent substrate (Pierce). Anti-Hfq antiserum was prepared by immunizing mice with purified recombinant meningococcal Hfq protein, and anti-Fur and anti-NMB1870 antisera have been previously described (5) . Anti-FumB, and anti-SdhA antiserum were donated by M. Giuliani (Novartis, Siena, Italy).
RNA preparation. N. meningitidis strains were grown in liquid culture to logarithmic phase and then split in two and exposed for 15 min of treatment with or without 100 M 2,2Ј-dipyridyl (Sigma), a specific iron-chelator. After 15 min, the cultures were added to an equal volume of equivalent frozen medium to bring the temperature immediately to 4°C and then centrifuged at 3,000 rpm in a benchtop centrifuge at 4°C. RNA was extracted from the pelleted cells as previously described (31) or for use in microarray experiments using an RNeasy minikit (Qiagen).
Microarray procedures and data analysis. DNA microarray analysis was performed using an Agilent custom-designed 60-mer oligonucleotide array. Probe design was performed with respect to oligonucleotide sequence specificity and structural and thermodynamic constraints as described elsewhere (2, 14) . cDNA probes were prepared from total RNA (5 g) obtained from wild-type, fur-null mutant, and Fur-sRN2 double mutant cells using Superscript II reverse transcriptase (Invitrogen), random primers (Promega), and Cy5 and Cy3 dyes (Amersham Biosciences). Labeled cDNA was purified by using a QIAquick PCR purification kit (Qiagen). The efficiency of incorporation of the Cy5 or Cy3 dyes was measured by NanoDrop analysis. Equal amounts of Cy5-and Cy3-labeled cDNAs were hybridized onto the microarray for 17 h at 60°C according to the Agilent protocol. Images were acquired by using a ScanArray Express microarray scanner from Perkin-Elmer. Two experiments were performed, and expression ratios were obtained by the direct comparison of RNA obtained from (i) wildtype versus fur-null mutant cells and (ii) Fur-sRN2 double mutant versus fur-null mutant. Raw images were initially analyzed by using GenePix software. The data were then transferred to BASE database/analysis software. For each image, the signal value of each spot was determined by subtracting the mean pixel intensity of the background value and normalizing to the median of all spot signals. The spots, which gave a negative value after background subtraction, were arbitrarily assigned the standard deviation value of background spot areas. Expression log ratios measured from mutant and wild-type strains were corrected for differential labeling drifts by subtraction of the observed log ratio measured in two independent wild-type versus wild-type experiments. A t test statistic on experimental replicas and probes was applied to identify the differently expressed genes. Genes whose expression ratios changed more than twofold were considered up-or downregulated.
Primer extension, S1 nuclease mapping and Northern blotting. Primer extension was performed as previously reported (5) . To ensure correct mapping of the promoter sequencing reaction was carried out with a T7 sequencing kit (USB Corp.) using the same primer as in the primer extension reactions and the plasmid consisting of the relevant cloned promoter. Radioactively labeled DNA probes for quantitative S1 mapping of 5Ј region of the sdh transcript from position ϩ1 of transcription overlapping partially the sdhC gene (probe C, see VOL. 191, 2009 Hfq-MEDIATED sRNA REGULATION IN ACTIVATION BY Fur Fig. 4A ) and the sdhA region of the transcript downstream of the putative NrrF binding site (probe A) were prepared as follows. The C probe was amplified from the MC58 chromosome using SDH-1 and SDH-2 primer pair, which amplifies a fragment of 475 bp spanning positions from Ϫ250 to ϩ225 with respect to the ϩ1 transcriptional start site. A 222-bp region of the sdhA transcript spanning from positions ϩ64 to ϩ267 with respect to the ATG start site was amplified with the sdA-F and sdA-R primers and cloned into pGEM-T, generating the pGemSdA plasmid. The A probe was then amplified from this plasmid as a template with the primers sp6-S1 and sdA-R to include a 93-bp region of the multicloning site of the pGEM-T plasmid. Each of the probe C and A fragments was extracted from an agarose gel and, after purification, 2 pmol of each was labeled at both extremities with T4 polynucleotide kinase (New England Biolabs, Inc.) and 4 pmol of [␥-32 P]ATP (6,000 Ci/mmol; NEN). One labeled extremity was removed by digestion with BamHI or EcoRI, sites which are incorporated into the upstream primers (SDH-2 and sp6-S1, respectively), and the resultant probes C and A (459 and 275 bp in length) labeled at the 5Ј complementary end were purified by using Chromaspin TE-100 columns (Clontech). The tbp2 probe, a 322-bp fragment, was amplified by PCR with Ts1/Ts2 primers (Table 1) , end labeled, digested with BamHI, and purified by using Chromaspin TE-100 columns. The sodB probe, a 292-bp fragment, was amplified by PCR with Sod1 and Sod2 primers (Table 1) , end labeled, digested with EcoRI, and purified by using Chromaspin TE-100 columns. Approximately 20 fmol of labeled probe was coprecipitated with either 10 or 15 g of total RNA and then resuspended in 20 l of hybridization buffer (80% formamide, 60 mM Tris-HCl [pH 7.5], 400 mM NaCl, 0.4 mM EDTA). The mixture was overlaid with 5 l of paraffin oil, denatured at 100°C for 3 min, and then incubated at the melting temperature (T m ) calculated for each probe on the basis of the following formula: T m ϭ 81.5 ϩ 0.5 (%GC) ϩ 16.6 (the natural log of the Na concentration) Ϫ 0.6 (% formamide). After 4 to 16 h of hybridization, 180 l of ice-cold S1 buffer (33 mM sodium acetate [pH 5.2], 5 mM ZnSO 4 , 250 mM NaCl) and 100 U of S1 nuclease (Invitrogen) were added, and S1 digestion was carried out for 30 min at 37°C. Samples were then extracted once with phenol-chloroform, ethanol precipitated, resuspended in 5 l of sequencing loading buffer (27) , and subjected to 6% urea polyacrylamide gel electrophoresis. Quantification of the signals from the digested probes was performed by using a PhosphorImager and ImageQuant software (Molecular Dynamics). For quantitative experiments, experiments were performed from at least two independent biological replicates, and the figures show the results from one representative experiment. Internal negative controls were performed on each RNA set quantifying the specific transcript of a gene whose expression is not altered, usually adk or nmb1870. Northern blot analysis was carried out by using the NorthernMax kit (Ambion, Inc.) according to the manufacturer's instructions. A total of 5 g of total RNA from different N. meningitidis samples was fractionated on a 0.8% agarose-formaldehyde gel and transferred onto nylon membrane (Hybondϩ, Inc.). Then, 5 pmol of a 183-bp PCR product amplified from the MC58 genome using the primers sdA-F and sdA-R was radioactively end labeled by using T4 polynucleotide kinase and [␥-32 P]ATP and was used as probe. All hybridization and wash steps were performed at 37°C.
Generation of in vitro transcripts. DNA templates for in vitro transcript generation carrying a T7 polymerase promoter were amplified by PCR using genomic MC58 DNA and the primer pairs listed in Table 1 . To generate an NrrF transcript of 156 nucleotides (nt), a 184-bp PCR product was generated with the forward primer T7-sR-F, which contains the T7 polymerase promoter (28 bp), and the reverse primer T7-sR-R, overlapping and including the predicted rhoindependent terminator sequence of the nrrF gene. For mutagenesis of this template, the PCR product was cloned in pGEM-T Easy (Promega) and a deletion spanning positions ϩ31 to ϩ58 (inclusive) of the nrrF gene was generated by using a QuikChange site-directed mutagenesis kit (Stratagene) and the 
CCGTGCGGACGCGTTCggatccATGACTG BamHI Ts2 CCTCATTGCAAAACCGTATCCGCCTTGG a Capital letters indicate N. meningitidis derived sequences, lowercase letters indicate plasmid-derived sequences or sequences added for cloning purposes, and underlined letters indicate restriction enzyme recognition sites.
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del1-f/del1-r primer pair. The template for the mutant transcript was amplified from the resultant plasmid using the primers T7-sR-F and T7-sR-R, giving rise to a template of 156 bp for generation of the Nrrf⌬31-58 transcript (128 nt in length). For the 5Ј-untranslated region (5ЈUTR) of the sdhC gene the T7-sC-F/ T7sC-R primer pair was used to amplify a 213-bp PCR fragment, including the T7 promoter fused from the ϩ1 position of transcription (mapped in Fig. 2B ) to position ϩ185 within the sdhC gene. To generate a transcript spanning the region of possible complementarity overlapping the sdhDA sequence, the T7-sA-F and T7-sA-R primers were used to amplify a 211-bp fragment including the T7 promoter fused to a region spanning positions Ϫ96 to ϩ87 with respect to the ATG start site of the sdhA gene. In vitro transcription was performed by using a MEGAscript high-yield transcription kit (Ambion), followed by a clean-up step with a MEGAclear kit (Ambion). The length and integrity of the in vitro transcripts were analyzed on denaturing 6% polyacrylamide urea gels. Electrophoretic mobility shift assays of in vitro transcription products. To radioactively label NrrF for in vitro binding assays with the Hfq protein and/or the possible sdh targets, 20 pmol of in vitro-transcribed NrrF or Nrrf⌬31-58 was dephosphorylated with calf intestinal phosphatase (New England Biolabs) at 37°C, purified by using a MEGAclear kit, and 5Ј end labeled with 30 Ci of [␥-
32 P]ATP using 10 U of T4 polynucleotide kinase. The unincorporated radioactive nucleotides were removed by using TE-30 Chromaspin columns, and the band of the labeled in vitro transcript of appropriate size was extracted after electrophoresis on a denaturing 6% polyacrylamide urea gel and eluted overnight at 4°C in RNA elution buffer (0.1 M sodium acetate, 0.1% SDS, 10 mM EDTA). After phenol-chloroform extraction, the labeled RNA was precipitated by addition of 2 volumes of ethanol and resuspended in water. Binding assays were performed with 0.5 pmol of radioactively labeled probe in 10-l reactions in 1ϫ RNA binding buffer (10 mM Tris-HCl [pH 7], 100 mM KCl, 10 mM MgCl 2 ) with 10% glycerol final concentration. Recombinant meningococcal Hfq was prepared by nickel-affinity chromatography upon overexpression from the pET15hfq plasmid in E. coli as an N-terminal His-tagged protein according to the manufacturer's instructions (Qiagen). For use in gel shift assays, the Hfq protein was dialyzed against 1ϫ RNA binding buffer (10 mM Tris [pH 7], 100 mM KCl, 10 mM MgCl 2 ) containing 10% glycerol and then 1ϫ RNA binding buffer with 50% glycerol, and the concentration was calculated for the hexameric form and stored at Ϫ20°C. RNA-protein complexes or RNA-RNA duplexes were formed at 37°C for 10 min in the presence or absence of 10 g of E. coli tRNA (Boehringer Mannheim) as a nonspecific competitor and run on 6% native polyacrylamide gels buffered with 0.5ϫ Tris-borate-EDTA at 250 V for 2 h. Gels were dried and exposed to autoradiographic films at Ϫ80°C, and the radioactivity was quantified by using a phosphorimager and ImageQuant software.
DNase I footprinting. For footprinting analysis, the promoter region of the nrrF gene was amplified with the primers sRNA-1 and sRNA-2 and cloned into pGEM-T. The pGEMsrna1/2 plasmid was 5Ј end labeled with [␥-32 P]ATP at its EcoRI site and separated from the vector by polyacrylamide gel electrophoresis after digestion with BamHI, producing a probe of the nrrF promoter region labeled at one extremity only. The probe, extracted from polyacrylamide gels, was eluted overnight in 3 ml of elution buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA, 300 mM sodium acetate [pH 5.2], 0.2% SDS) at 37°C with shaking, phenol-chloroform extracted, ethanol precipitated, and resuspended in 100 l of water. DNase I footprinting was carried out as previously described (5) . Binding reactions were performed in binding buffer consisting of 20 mM Tris-HCl (pH 7.9), 50 mM KCl, 10 mM MgCl 2 , 0.01% NP-40, and 10% glycerol containing 1 g of sonicated salmon sperm DNA as a nonspecific competitor DNA. DNase I digestion was carried out by adding 1 l of DNase I (0.02 U/l) in binding buffer containing 5 mM CaCl 2 for precisely 1 min at room temperature. As a molecular weight marker, a GϩA sequence reaction (19) was performed for each DNA probe and run in parallel to the corresponding footprinting reactions.
RESULTS

Transcriptional mapping and regulated synthesis of NrrF.
The nrrF gene maps between two predicted converging genes, NMB2073 and NMB2074, in the MC58 genome (Fig. 1A) . Previous in silico analyses identified a putative Fur box and promoter sequences, sustaining the hypothesis for a Fur-regulated nrrF promoter, as well as a rho-independent terminator for the nrrF gene (21) . To map the 5Ј end of initiation of transcription of the nrrF transcript, we performed primer extension analysis with RNA extracted from the MC58 wild-type strain (Fig. 1B) . The elongated primer band obtained maps the ϩ1 transcriptional initiation site of the nrrF gene to 8 nt downstream of the proposed Ϫ10 hexamer (TATAAT) (lane 1). By using RNA extracted from the Fur-null mutant, the amount of elongated product increased ϳ50-fold, indicating that the level of sRNA transcript is derepressed in the absence of the Fur protein (lane 2). These results are consistent with transcription of the nrrF gene being driven by a sigma-70-recognized promoter that is repressed by the Fur protein. Footprinting analysis using the purified recombinant Fur protein (Fig. 1C) reveals a region of DNase I protection overlapping the nrrF promoter region in both the coding and the noncoding (data not shown) strands of the DNA, spanning approximately 30 nt and overlapping the core Fur box sequence. The affinity of Fur for this region of DNA is comparable to the high-affinity binding sites upstream of the Fur-activated norB, nmb1436 and nuo promoters (6, 11) and significantly higher than that of other Fur-repressed promoters (4). We conclude that Fur binds to the nrrF promoter in vitro overlapping the promoter elements and likely results in the repression in vivo through occlusion of the RNA polymerase.
Since sRNAs, whose function is modulated by Hfq, generally tend to have a reduced stability in an hfq knockout mutant, we assessed the levels of the NrrF transcript in Hfq-null backgrounds with or without the presence of Fur and iron. The quantitative primer extension shown in Fig. 1D reveals that on iron chelation there is an increase in transcription of the nrrF gene in the wild-type and Hfq mutant strains, confirming ironrepressed regulation of the promoter independently of the hfq gene. In the Fur mutant or the Fur-Hfq double mutant the transcript is at constitutively high levels (Fig. 1D, lanes 3, 4, 9 , and 10), indicating, as expected, that iron-mediated repression of transcription is Fur dependent and, furthermore, that the steady-state levels of NrrF when maximally derepressed are not influenced by the deletion of the hfq gene. Iron-repressed regulation is restored in the Fko-C complemented strain (lane 5 and 6). Interestingly, the treatment of the strains expressing the Fur protein with iron chelator is not enough to completely derepress the sRNA promoter (lanes 2, 6, and 8 versus lanes 3 and 4). In conclusion, Fig. 1D shows that there is no significant difference of the accumulation of nrrF in the absence of the Hfq protein and therefore no evidence that Hfq effects the stability of NrrF in meningococcus.
We found that, over a time course of growth, nrrF is maximally expressed during stationary phase (Fig. 1E) . We compared the trend of expression of nrrF with another gene tbp2, which is classically repressed by Fur in response to iron (5). In the wild type, Fur-mediated repression of NrrF is relieved partially in stationary phase, and fully in the case of tbp2. However, in the Fur mutant the Fur-independent activity of the NrrF promoter is induced in late log and stationary phase while that of tbp2 is downregulated. From this analysis we conclude that Fur represses nrrF transcription in response to iron levels in vivo, and, under iron limitation or during stationary phase, the sRNA is maximally synthesized.
Identification of genes positively Fur regulated mediated by the sRNA. In previous microarray experiments, we identified a subset of positively regulated genes that we postulated as being regulated through indirect mechanisms (5) . In order to under-
stand the contribution of the Fur-repressed sRNA in the Furmediated positive regulation of genes, we reasoned that genes that are positively regulated by Fur through the action of the NrrF should be substantially upregulated in the Fur-null mutant on deletion of the nrrF gene. Therefore, we generated a knockout mutant of the nrrF gene in an MC-Fko Fur-null mutant background, Fko-sRN2 (Table 2) . We used microarray analysis to identify genes that are downregulated in the Furnull mutant with respect to the MC58 wild type and upregulated in the double mutant Fko-sRN2 on elimination of the sRNA. Total RNA from cultures of MC58, MC-Fko, and Fko-sRN2 grown under iron-replete conditions were prepared, and at least two independent competitive hybridization experiments were performed. Genes whose expression ratios changed Ͼ2-fold were considered up-or downregulated. By using these criteria, we identified only two genes that exhibited Ն2-fold upregulation in the double mutant Fko-sRN2 versus the Fur-null mutant experiment, together with Ն2-fold downregulation in the Fur mutant versus the wild-type experiment. These two genes are sdhC and sdhD of the succinate dehydrogenase sdhCDAB operon ( Table 3 ). The other genes in the operon, the sdhA and sdhB, appear coregulated by Fur; however, the upregulation in the double mutant Fko-sRN2 (1.9 and 1.7) is outside the cutoff of significance we apply in these experiments. In Table 3 we report the differential ratio for the two experiments of each gene of the operon, as well as the three downstream genes (nmb0952 to nmb0954) and sodB and fumB genes, which are further studied below. Furthermore, through S1 nuclease protection experiments with radioactively labeled probes for nuoA, norB, pan1, and nmb1436 promoters we verified that the previously reported Fur-mediated positive regulation of these genes (4) was not affected by deletion of the nrrF gene (data not shown), thereby confirming that NrrF does not mediate the regulation of these genes. We conclude that using this microarray screen, and stringent cutoff criteria, evidence of NrrF-mediated Fur regulation is limited to the succinate dehydrogenase genes. In order to study the implications of this sRNA in Fur-mediated regulation, we selected the sdhCDAB operon as a probable target for the sRNA and selected sodB for the detailed analysis of Fur-mediated positive regulation. Analysis of regulation of succinate dehydrogenase. The succinate dehydrogenase genes are expressed from four concomitant genes, which appear to be coregulated from the microarray analysis. To understand whether the sdhCDAB genes are expressed as a single transcriptional unit, we performed Northern blot analysis with a radioactively labeled probe for the third gene, sdhA, on total RNA from the wild type, the MC-Fko mutant, and the Fko-sRN2 double mutant. The probe hybridized to a population of transcripts Total RNA was prepared from the wild type (MC58), the Fur-null mutant (MC-Fko), its complemented derivative (MC-Fko-C), the Hfq mutant (⌬hfq), and the Fur and Hfq double mutant (Fko-⌬hfq) grown to mid-log phase under iron-replete conditions before (ϩ) and after (Ϫ) 15 min of treatment with iron chelator (2,2Ј-dipyridyl). Then, 10 g of RNA from each strain was reverse transcribed with the sR-p7 primer, and the relative quantities of extended primer product are shown from a single representative experiment. (E) Time course experiment in which cultures of MC58 and MC-Fko strains were grown in iron-replete conditions and total RNA was extracted after 1, 2, and 3 h (logarithmic phase) and 5 and 7 h (stationary phase). The relative quantities of NrrF and tbp2 transcripts were analyzed from 10 g of each total RNA sample by quantitative primer extension and S1 nuclease assay, respectively. spanning in length from approximately 1,500 to 5,000 nt ( Fig. 2A) . The signal was significantly reduced in the Fur mutant and restored to an intermediary level in the FurNrrF double mutant, confirming the results of the microarray analysis. The sdhCDAB genes span a region of 3,305 bp, whereas inclusion of the three downstream concomitant genes nmb0952 to nmb0954 span 4,952 bp. The downstream genes also were significantly regulated in the Fur mutant but to a lesser degree than the sdhCDAB genes, and this may be indicative of readthrough of longer transcripts, including the downstream genes. We conclude that the sdhCDAB genes are cotranscribed as an operon and may also be cotranscribed in a longer, less-abundant transcript with the three downstream genes. The sdh transcript levels are downregulated in the Fur mutant, and deleting nrrF relieves the Furregulatory effect in the double mutant, although not to wildtype levels.
We mapped the promoters for sdhCDAB and sodB genes within the respective upstream DNA regions. Figure 2B and C show the primer extension experiments identifying two closely migrating elongated primer products, mapping the transcriptional start site of the sdhC and sodB genes to 65 nt upstream of the respective translational start sites, and downstream of nucleotide sequences resembling sigma-70 promoters for each gene, which we termed the P sdh and P sodB promoters, respectively. In order to investigate the iron-, Fur-, and NrrF-mediated regulation of these transcripts, we quantified the levels of each transcript in the various strains under iron-replete or ironlimiting conditions. Figure 3 shows the results of S1 nuclease assays for the 5Ј end of the sdh transcript, i.e., the sdhC gene (Fig. 3A) and the sodB gene (Fig. 3B) , and the levels of the transcripts in the various mutant strains in response to iron were quantified, with the results graphically represented. The transcript levels of sdh and sodB respond to iron in that they are downregulated after treatment of the wild-type cells with iron chelator (lanes 2 to 4 versus lane 1): increased concentration and/or time of incubation with iron-chelator has a progressively greater downregulating effect on the transcripts and the sdh levels are reduced to ca. 20% (lane 4), while the sodB transcript is reduced to ca. 10%. In the Fur mutant, both transcripts are constitutively downregulated, to ca. 20 and 10%, respectively, in all iron conditions (lanes 9 to 12); therefore, the expression of both loci is positively regulated by Fur in response to iron. The iron regulation of the sdh transcript occurs to a lesser extent on deletion of the nrrF gene in the wild-type background: there is no significant reduction after 15 min with 100 M chelator (lane 6) and maximum reduction is to 40% (lane 8) and, furthermore, by deleting the nrrF gene in the Fur mutant the sdh transcript is derepressed (from 20% in the Fko strain to 40% in the double mutant) and no longer responds to iron (lanes 13 to 16). From these data we conclude that NrrF plays a major role in downregulation of the sdh transcript in response to iron limitation. Moreover, these data strongly suggest that Fur-mediated positive regulation of sdh in response to high iron levels is mediated largely by Fur repression of the nrrF gene. The fact that there is still some iron regulation of the sdh transcript in the MC-sRN2 mutant and that in the Fur-sRN2 mutant the Fur-dependent downregulation is not relieved to wild-type levels indicates, however, that there may be other NrrF-independent Fur-dependent factors also involved, possibly another Fur-regulated sRNA. Transcript levels of the sodB gene are unchanged on deletion of the nrrF gene in the wild-type or Fur mutant background, demonstrating that NrrF is not involved in the Fur-mediated regulation of sodB.
Role of Hfq in sRNA regulation in meningococcus. Many small regulatory RNAs act by base-pairing to complementary regions in their mRNA targets. By using the computer program BESTFIT of the GCG Wisconsin package, which finds the best local alignment of the input sequences, we analyzed the nucleotide sequence corresponding to the sdh transcript from the 5Ј untranslated end to beyond the sdhB 3Ј end for the most likely region of interaction between this RNA molecule and the sRNA. An extended region of imperfect base-pairing is shown in Fig. 4A , which overlaps the 3Ј end of the sdhD gene and the 5Ј end of the sdhA gene. As predicted by the Mfold computer program, and in agreement with previous in silico analysis (21) , the NrrF RNA may fold in a secondary structure (Fig. 4B) . The proposed interacting region of the sRNA molecule is largely present in the single-stranded loop 28-58, which would be available for base-pairing for the overlapping region of the start of translation of the sdhA gene. Interestingly, the predicted structure of the sRNA molecule shows a putative Hfq-binding site, which is an 8-to 12-nt AU-rich region adjacent to stem-loops (22) , suggesting that the Hfq protein may be involved in binding and mediating NrrF function.
In order to investigate the role of Hfq in the sRNA network of meningococcus, we analyzed the expression of Fur positively regulated genes in the ⌬hfq mutant and in a Fur-Hfq double mutant (Fko-⌬hfq). In light of the putative binding site for the sRNA overlapping the sdhA translational start site, we performed Western blot analysis with antiserum raised in mice to the SdhA protein to investigate the levels of protein expression in the MC58 strain and derivatives lacking Fur, NrrF, or the Hfq protein. As shown in Fig. 5A , SdhA protein is highly expressed in the MC58 strain and the Fur-complemented derivative and is downregulated in the Fur mutant, as expected. Table 1 ) and elongated with reverse transcriptase. Sequence reactions (G, A, T, and C) were performed with the same primer on the cloned promoter regions (pGemSDH and pGemSOD; Table 2 ) and run in parallel. The elongated primer band mapping the 5Ј end of the corresponding gene transcript is indicated. The corresponding ϩ1 nucleotide of transcriptional initiation and the upstream promoter sequences are indicated on the left.
The deletion of the nrrF gene or the hfq gene in the MC58 wild-type background both result in a slight induction of SdhA levels (lanes 2 and 6, respectively) with respect to the wild-type levels. Furthermore, the deletion of the nrrF gene or the hfq gene in the Fur knockout background results in a high level of expression of the SdhA gene even in the absence of the Fur protein (lanes 4 and 7), suggesting that both NrrF and Hfq are involved in downregulation of SdhA expression in meningococci. Moreover, the downregulation of SdhA in the Fur mutant may be mediated by NrrF and Hfq. Interestingly, FumB expression in the same strains shows Fur-dependent positive regulation, in that the levels of protein were undetectable in the Fur-null mutant and restored to detectable levels in the complemented strain, as expected (lanes 1, 3, and 5) . Although the downregulation of FumB in the Fur mutant was not altered by the deletion of the nrrF gene (lane 4 versus lane 3), the deletion of the Hfq protein either in the wild-type or the Fur mutant background significantly upregulated FumB expression (lanes 6 and 7). These data suggest that Fur-mediated positive regulation of fumB may be mediated by an Hfq-dependent mechanism but not by the NrrF sRNA, suggesting another Hfq-dependent sRNA is involved.
In order to analyze the correlation between protein levels and transcript levels, we measured the steady-state levels of the 5Ј end of the sdh transcript with probe C as before and also the levels of the transcript downstream of the putative binding site overlapping the sdhA gene using probe A (depicted in Fig. 4A ). Total RNA was extracted from identical cultures used for Western blot analysis, and the levels of the transcript at the sdhC and sdhA genes were measured by S1 nuclease assays FIG. 3 . Regulation of transcripts initiating at the P sdh and P sodB promoters in response to iron, Fur, and NrrF by S1 nuclease protection assays. Total RNA from wild-type MC58, the NrrF mutant (MC-sRN2), the Fur mutant (MC-Fko), and the Fur-NrrF double mutant (Fko-sRN2) cells grown to mid-log phase under iron-replete conditions (Ϫ) or then exposed to iron-limiting conditions: 15 min with 100 M (ϩ), 15 min with 250 M (ϩϩ), or 45 min with 250 M (ϩϩϩ). The results of the S1 nuclease assay with a sdhC-specific probe (probe C) (A) or a sodB-specific probe (B) are shown. Bands corresponding to S1-resistant products are indicated. The band corresponding to the ϩ1 nucleotide of transcriptional initiation is labeled accordingly (P sdh or P sodB ), and the lower band is thought to be degradation products. The total levels of the two transcripts relating to the ϩ1 of transcription (P sdh or P sodB ) and the putative shorter degradation product ‫)ء(‬ were measured by phosphorimaging, and the ImageQuant software results indicating relative quantities are shown in graphic form.
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Hfq-MEDIATED sRNA REGULATION IN ACTIVATION BY Fur 1337 (Fig. 5B) . First, the results show that the steady-state levels of the transcript in the mutant backgrounds (Fur, NrrF, and Hfq) as measured for the sdhA and sdhC genes were comparable to each other (lanes 3, 2, and 6, respectively), indicating that this represents one and the same polycistronic transcript. Second, the transcript levels are downregulated in the Fur mutant (lane 3) and, more importantly, the downregulation in the absence of Fur in the mutant backgrounds can be alleviated by deletion of the nrrF gene (lanes 4 versus lanes 3) and also the hfq gene (lanes 6 versus lanes 3), in agreement with the levels of SdhA protein expression (Fig. 5A ). This would suggest that the NrrF transcript and the Hfq protein both mediate downregulation of the entire sdhCDAB transcript and that the role of Fur in positive regulation of sdh genes is mediated by NrrF and Hfq. It is noteworthy to point out that, comparing lanes 6 and 7 in Fig. 5A and B, the steady-state levels of sdh transcript do not correspond accurately with the levels of SdhA protein expression in the same strains under the same conditions. In particular, although similar steady-state levels of sdh transcript are present in Fur "ϩ" or "-" backgrounds in the absence of the Hfq protein (Fig. 5B, lanes 6 and 7) , less SdhA is expressed from the sdh transcript levels as a result of the Fur deletion (Fig. 5A, lane 7 versus lane 6) . We interpret this as suggesting that, when NrrF is abundant (Fur Ϫ background) in the absence of Hfq, less SdhA is expressed from similar levels of sdh transcript due to NrrF-dependent translational inhibition. At the same time, it is clear that the Hfq protein is required for an NrrF-mediated downregulation of the sdh transcript (lane 3 versus lane 7), likely due to rapid turnover of the mRNA.
We assessed whether the positive iron and Fur regulation of the sodB gene was also mediated by Hfq by assessing the steady-state levels of sodB transcript in the single and double 8) . These results suggest that Hfq mediates Fur and iron-regulation of sodB: and strongly suggests that another Hfq-dependent sRNA is involved in Fur-mediated positive regulation of sodB in meningococcus. In conclusion, our data suggest that Fur regulation of sdhCDAB is mediated by NrrF in an Hfq-dependent manner and that the regulation of sodB and fumB is due to the Hfqdependent action, possibly via a second Fur-regulated sRNA that is distinct from NrrF.
In vitro binding of Hfq to NrrF and formation of the NrrF/ sdh duplex. It has been proposed that the Hfq protein acts as an RNA chaperone which may simultaneously recognize the regulatory sRNA and its mRNA target and assist in unfolding and folding of the RNA structure, thereby facilitating or stabilizing their interaction (1, 9) . In order to determine whether Hfq interacts with NrrF, we performed in vitro gel mobility shift experiments with in vitro-synthesized NrrF and the meningococcal Hfq recombinant protein. The NrrF in vitro transcript was radioactively end labeled and incubated with increasing amounts of purified Hfq protein, and protein-RNA complex formation was monitored as slower-migrating bands in native polyacrylamide gels. Figure 6A shows the results of gel shift experiments with the NrrF transcript and increasing amounts of Hfq in the absence (I) or presence (II) of a Ͼ100-fold excess of tRNA as a nonspecific competitor. In the presence of nonspecific competitor, the addition of 2.4 nM Hfq resulted in retardation of the radioactively labeled NrrF probe and the formation of the first stable complex, CI (Fig. 6A,  panel II, lane 3) , and on addition 60 nM Hfq a second slowermigrating complex was formed (CII) (lane 5). This suggests that either one or two oligomers of Hfq can bind to NrrF. Hfq shows high affinity for the NrrF transcript with an apparent K d of ϳ36 nM, which is comparable to the affinity detected in vitro for Hfq with sRNAs in other systems (24, 38) .
Furthermore, we assessed possible duplex formation of NrrF with two different possible target RNAs. We synthesized in vitro the predicted sdhDA target transcript region and also the 5ЈUTR of the sdh transcript, initiating at the promoter upstream of sdhC, as a likely alternative. We then incubated the radioactively labeled NrrF with increasing amounts of either of the putative target transcripts and assayed duplex formation by gel shift assays. As shown in Fig. 6B (panels I and II) , while the addition of the unlabeled sdhDA region resulted in the retardation of the NrrF probe and the formation of a weakly resolved slower-migrating band, the 5ЈUTR-sdhC probe had no significant effect on the mobility of NrrF, suggesting that indeed the sdhDA predicted region can act as a target for RNA-RNA duplex formation in vitro. Furthermore, we generated a mutant NrrF transcript with a deletion from positions ϩ31 to ϩ58 lacking most of the single-stranded loop containing the proposed sdhDA interacting region of the sRNA molecule (Fig.  4B ). This in vitro transcript is predicted to maintain a similar secondary structure with a just a smaller loop; however, addition of unlabeled sdhDA did not result in retardation of the shorter probe (Fig. 6B, panel III) , suggesting that the loop is indeed important for base-pairing and duplex formation.
Finally, we performed binding reactions of NrrF and the sdhDA target region with or without the coincubation of the Hfq protein. Figure 6C shows the results of gel shift analysis in which on coincubation of Hfq with NrrF and sdhDA a supershifted band was observed (lanes 6 to 8) with slower migration than the Hfq-NrrF protein complexes (lane 2) or the sdhDA-NrrF duplex (lane 5), which likely represents the migration of a ternary complex formed by Hfq, NrrF, and the sdhDA target. Furthermore, the addition of Hfq to the binding reactions considerably enhances the efficiency of NrrF-sdhDA interaction since the ternary complex is clearly visible even at 22 nM sdhDA (lane 6), whereas the duplex is clearly visible only at 90 nM sdhDA (lane 5). These experiments suggest that Hfq interacts with NrrF and promotes the direct base-pairing at the predicted complementary sdhDA region of the sdhCDAB mRNA. We propose that these interactions in vivo may result in an Hfq-dependent decay of the sdhCDAB mRNA by direct targeting by the Fur-regulated sRNA NrrF.
DISCUSSION
NrrF is the first example in N. meningitidis of a member of a major class of trans-encoded sRNAs or riboregulators that act by complementary base-pairing. As with many of this class of sRNAs, NrrF regulation appears to depend on the Hfq RNA chaperone. Although there is little effect on NrrF levels in the hfq mutant, there is a clear effect of the Hfq protein on Nrrf activity. In the present study, we measured the sdhCDAB transcript levels by microarray (Table 3) 2A) and also by S1 nuclease assay (Fig. 3A and 5B), monitoring the levels of the transcript at the 5ЈUTR or over the sdhA gene and all concur that the steady-state levels of the sdh transcript is reduced in the Fur mutant through an NrrF-and Hfq-mediated mechanism. We have shown that Hfq binds NrrF in vitro and increases the efficiency of NrrF duplex formation with the complementary target region within the sdh transcript (Fig. 6) . Numerous E. coli sRNAs have been shown to associate with Hfq and to require this protein for interactions with their target mRNAs (16, 26, 39) . Hfq binding to transacting sRNAs can protect them from cleavage by endoribonucleases (22, 23, 30) , although this does not appear to be the case for NrrF since no significant differences in RNA levels of NrrF were observed in the Neisseria mutant backgrounds lacking the Hfq protein (Fig. 1D) . The complementarity between NrrF and its target sequence lies within an accessible singlestranded loop of the predicted structure of NrrF, possibly facilitating initial contact, which Hfq may then enhance or stabilize through its RNA chaperone activity. The role of Hfq as a chaperone was recently demonstrated, and FRET studies revealed that Hfq accelerates strand exchange and subsequent annealing between the sRNA, DsrA, and its target mRNA (rpoS), which results, in that case, in the exposure of the target ribosome binding (1) . It is likely that the formation of the complex between NrrF and sdh transcript in vivo results instead in the rapid degradation of the target mRNA, possibly as a consequence of inhibition of translation. RNA degradation counterbalances transcription and therefore plays an important regulatory role in adjusting the steady-state level of a given mRNA.
It is clear from in vitro binding assays that NrrF directly targets the sdh transcript not in the 5ЈUTR but overlapping the sdhDA gene junction between the second and third gene (Fig.  6B) . The significance of targeting downstream genes rather than the 5ЈUTR is not fully understood. In E. coli an analogous sRNA, RyhB, with no sequence identity nor genomic synteny, was reported to similarly downregulate the succinate dehydrogenase operon through base-pairing within a proposed region of complementarity at the junction of the first and second genes in the locus, sdhCD (18) . It is intriguing that in two completely different systems the conserved mechanism for regulating these metabolic genes has evolved in two apparently nonhomologous but essentially similar mechanistic events.
Conceptually, sRNAs are expected to be under appropriate transcriptional control, so that their induction matches requirements for their regulatory activity. Our data are consistent with a model in which high expression and abundance of NrrF in low-iron conditions (or in the Fur mutant) results in an Hfq-dependent targeting of the sdh transcript, an NrrF-dependent translational inhibition of SdhA, and likely rapid degradation of the mRNA. In this way, the succinate dehydrogenase genes are essentially positively regulated through the repressive action of Fur with iron as a corepressor. Importantly, in the absence of Nrrf, the iron-and Fur-mediated regulation of the sdh genes is, however, only partially abrogated, and so there appear to be other Fur-mediated Nrrf-independent factors involved in iron-regulation of the sdh genes. Furthermore, we show that the Fur-and iron-positive regulation of at least two other genes, sodB and fumB, are clearly through an Hfqdependent mechanism, although the NrrF sRNA is excluded as mediator. These data implicate at least one other trans-acting sRNA to be involved in the posttranscriptional downregulation of sodB and fumB and possibly also sdh. It is therefore likely that more than one Fur-regulated sRNA is present in the Neisseria system, and it will be interesting to determine whether NrrF, along with one or more other sRNAs, controls coordinately some or all of the remaining Fur-positively regulated genes in meningococcus. We cannot exclude the possibility that other mRNAs are targets for the NrrF regulator; however, under the conditions of the present study the succinate dehydrogenase genes were the only Fur-induced genes whose regulation was significantly mediated by NrrF. In N. meningitidis, we have previously identified a subset of genes that are positively regulated by Fur and iron with no evidence for a direct interaction of Fur in their regulatory region, and therefore these are candidate genes for this type of indirect posttranscriptional riboregulation (4) .
Many organisms respond to iron deprivation by rearranging their metabolism to bypass iron-dependent enzymes, such as sodB, and the tricarboxylic acid cycle enzymes, such succinate dehydrogenase and fumarase, and to dispense with iron-binding proteins, such as ferritins. In E. coli the role of a sRNA, RyhB, in mediating this change in metabolism was the first to be documented (18) . In Pseudomonas two tandem small RNAs were found to be responsible for mediating a similar RyhB-like posttranscriptional regulation (43) . Deletion of both of these analogues was necessary for deregulation of a number of iron and Fur induced genes, although the findings in that study also demonstrate that the PrrF RNAs do not explain all positive Fur regulation in Pseudomonas. The recent discovery of sRNAs as modulators of stress adaptation and virulence gene expression, coordinating complex networks in response to environmental cues, has brought new insight into the regulation of bacterial pathogenesis processes (36) . The Hfq mutant in N. meningitidis shows pleiotropic phenotypes, including sensitivity to a number of stresses as well as an attenuated phenotype in ex vivo and in vivo models (34; unpublished data) and suggests that there is an extensive circuitry of sRNA genes involved in adaptation to stress and pathogenesis in meningococci that has not yet been unexplored.
